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ENGINEERING, CARNEGIE-MELLON UNIVERSITY PITTSBURGH, PA 15213 (K.P.C),
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TECHNOLOGY, PASADENA, CA 91125 (A.N.), AND DEPARTMENTS OF
CHEMICAL ENGINEERING AND ENGINEERING AND PUBLIC POLICY,
CARNEGIE-MELLON UNIVERSITY, PITTSBURGH, PA 15213 (S.N.P.)

ABSTRACT. A Multicomponent Aerosol Dynamics Model (MADM) capable of
solving the condensation / evaporation equation of atmospheric aerosols is pre-
sented. Condensable species may be organic and / or inorganic. For the inorganic
constituents the equilibrium model ISORROPIA is used to predict the physical
state of the particle, i.e., whether the aerosol is liquid or solid. The mass transfer
equations for the fluxes for solid atmospheric particles are developed. MADM is
able to simulate aerosol deliquescence, crystallization, solid to solid phase transi-
tions, and acidity transitions. Aerosols of different sizes can be in different
physical states (solid, liquid, or partially solid and partially liquid). Novel con-
straints on the electroneutrality of the species flux between the gas and aerosol
phases are presented for both liquid and solid aerosols. These constraints aid in
the stability of the algorithm, yet still allow changes in aerosol acidity. As an
example, MADM is used to predict the dynamic response of marine aerosol
entering an urban area.

INTRODUCTION

Atmospheric aerosols are complex mixtures
of inorganic and organic species. The in-
organic species include sulfate, nitrate,
chloride, ammonium, sodium, and crustal
material. At high relative humidity the con-
tribution of inorganic material to the total
acrosol mass is enhanced by the existence
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of water (Pilinis and Seinfeld 1987, 1988;
Kim et al., 1993a, b).

The partitioning of semi-volatile acrosol
constituents between the gas and particu-
late phases is controlled by temperature,
gas-phase and acrosol composition. Early
aerosol models assumed instantaneous
thermodynamic equilibrium for the gas-
aerosol partitioning of inorganic species
(Pilinis and Seinfeld 1988; Pilinis et al. 1987;
Russell et al. 1988). Wexler and Seinfeld
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(1990) evaluated the characteristic time
scales for the equilibration of the vapor-
phase species with a population of aerosol
particles. They found that NH,NO; and
NH,CI salts might not be at thermody-
namic equilibrium with NH,;, HNO;, and
HCI vapors, especially under low aerosol
loading and low temperatures. In this case
both transport and thermodynamics are im-
portant for the determination of the con-
centration of semivolatile ammonium salts.
Furthermore, transport time scales are a
function of particle diameter. Small parti-
cles have greater surface area to mass ra-
tios and thus faster equilibrium time scales
than large particles. Wexler and Seinfeld
(1990) and Meng and Seinfeld (1996) esti-
mated that micrometer sized particles could
require hours or even days to achieve equi-
librium with the gas phase. This suggests
that large aerosol particles may often exist
outside of thermodynamic equilibrium in
the atmosphere. This weakness of equilib-
rium models has been demonstrated during
comparisons between the dynamic and
equilibrium approaches by Meng et al.
(1998) and Capaldo et al. (2000).

Current air quality models that employ
equilibrium gas/aerosol mass transfer have
difficulties in reproducing observed aerosol
distributions of semivolatile constituents.
Lurmann et al. (1997) report mean normal-
ized bias in their 24 h average predictions
of PM,, and PM, ; for southern California
ranging from 6% to 56% for NH], NO7,
and CI™. Lurmann et al. (1997) and Wexler
and Seinfeld (1990) suggested that the equi-
librium assumption may contribute signifi-
cantly to these errors. Evaluating this hy-
pothesis requires an acrosol module that
treats transport of condensable material ac-
curately. This module should be efficient
because the simulation of aerosol dynamics
is the slowest part of air quality models
(Pilinis and Seinfeld 1988; Jacobson et al.
1996; Nenes et al. 1998).
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A number of such acrosol dynamic mod-
ules have recently been developed (Meng
and Seinfeld 1996; Meng et al. 1998; Jacob-
son et al. 1996; Jacobson 1997a,b; Sun and
Wexler 1998a). Although these each apply
fundamental mass transfer equations to liq-
uid aerosol particles, they employ signifi-
cant simplifications in their representation
of solid particles. Meng and Seinfeld (1996)
assume that for solids the flux of HNO,(g)
and HCl(g) are each coupled to the NH,(g)
(Wexler and Seinfeld 1990). However, this
method does not account for the removal
of NO; and CI” ions when H,SO, con-
denses on a solid particle or the interde-
pendence of mass transfer when multiple
solid / gas reactions are applied to the same
aerosol. Meng et al. (1998) applied this
approach in a three-dimensional air-quality
model and found parallel processing (5 IBM
RS/6000-390 processors) was required to
achieve reasonable computation times. Ja-
cobson et al. (1996) and Jacobson (1997a,b)
derived analytical approximations for the
differential changes in aerosol mass and
developed a stable mass transfer algorithm.
However, Jacobson et al. (1996) assumed
that for solid aerosol the surface vapor
pressures can be estimated by assuming
that the particles contain a small amount of
water. Sun and Wexler (1998a,b) applied a
similar approach to solids as Meng and
Seinfeld (1996), except that they neglected
the interaction of sodium with the fluxes of
HNO;(g) and HCl(g). Sun and Wexler
(1998a,b) increased the speed of their
aerosol module by placing constraints on
the fluxes of ionic species when the acrosol
phase is near acid neutrality. They ne-
glected, however, the changes in chemistry
that occur with small changes in particle
acidity.

Even though these previous studies rep-
resent significant advances in our ability to
model atmospheric aerosol dynamics, they
do not present a comprehensive approach
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for atmospheric acrosol mass transfer. They
may also encounter difficulties with phase
transitions between solid and liquid states
as well as between neutral and acidic states.
In addition, issues of both accuracy and
computational efficiency remain to be ad-
dressed for the use of such aerosol modules
in air quality models. The next step is to
develop an aerosol module that can ade-
quately describe the dynamics of both lig-
uid and solid particles. This algorithm
should be able to efficiently model phase
and acidity transitions as well.

In this paper the Multicomponent
Aerosol Dynamics Model (MADM) is pre-
sented. This model can be used when the
acrosol is an aqueous solution, as well as
when the aerosol is a solid particle. For the
latter case, new expressions for the fluxes
are developed for all possible scenarios of
species formation and/or aerosol compo-
nent substitution.

MODEL DESCRIPTION

Within MADM the population of aerosol
particles is represented using the sectional
approximation (Gelbard and Seinfeld 1980;
Warren and Seinfeld 1990) common in
aerosol air quality models (Pilinis and Sein-
feld 1988; Meng et al. 1998). This involves
using discrete aerosol size sections and
considering the particles in a size section to
be internally mixed (all homogeneous in
composition). A moving sectional approach
is then used allowing the diameter of the
acrosol section to change as evaporation
and condensation affect the size of the
aerosol particles. The modified aerosol size
sections can then be mapped to the original
acrosol sections using spline techniques if
necessary (Gelbard et al. 1980).

Gas-Aerosol Transport Processes

The flux, J;,, of a species i from the gas
phase to an aerosol size section k has the
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following general form:

Ji =27D;D,, N f(Kny, “ik)hi - ciekan]h
(1)

where D, is the diffusivity of i in air, D, is
the characteristic diameter of the particles
in section k, N, is the number density of
particles in section k, and f(Kn,,a;) is
the correction for noncontinuum effects and
imperfect accommodation (Dahneke 1983).
Kn,, is the Knudsen number and a;, is the
accommodation coefficient for species i and
section k. The bulk gas-phase concentra-
tion is ¢;, and c;{ is the gas-phase concen-
tration of i that would be at equilibrium
with the aerosol composition of section k.
The Kelvin effect correction for section k
is 1. In this work an accommodation co-
efficient of 0.1 is used for all condensable
species and the Kelvin effect is neglected
since only particles >0.05 microns are con-
sidered. A positive flux J;, describes con-
densation of i from the gas phase to the
aerosol section k, and a negative J, de-
scribes evaporation.

At any given time, acrosol particles may
contain water or they may be completely
dry. The existence of water in the particu-
late phase depends on the ambient temper-
ature and relative humidity, as well as the
composition of the particle. In MADM, the
amount of water and the aerosol physical
state are determined by the thermodynamic
equilibrium model ISORROPIA (Nenes et
al. 1998). If the aerosol particles are liquid,
the equilibrium concentration c¢j! in the
above equation can be evaluated based on
the aqueous phase composition and ther-
modynamics (Nenes et al. 1998). If the
aerosol particles are solid, ¢ is calculated
using the algorithm described below. The
sulfuric acid equilibrium concentration at
the surface of an aerosol is very low and is
considered zero in MADM.
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A system of ordinary differential equa-
tions (ODEs) is generated if Equation (1) is
applied to each aerosol size section and
each aerosol species. MADM numerically
solves this system in order to predict the
dynamic behavior of the gas and aerosol
phases. The system of ODEs is integrated
using the double precision version of
LSODE, the Livermore solver for stiff
ODEs (Hindmarsh 1983). A relative toler-
ance of 107* and an absolute tolerance of
1078 pg m™3 are used for all species.

Dynamics of a Liquid Particle

The simplicity of Equation (1) is con-
founded by the stiffness (and resulting
computational expense) that occurs be-
cause the fluxes of dissociating species
(HNO;, NH;, H,SO,, and HCI) have a
strong impact on aerosol acidity and thus
equilibrium thermodynamics. For instance,
if the aerosol and gas phases are at equilib-
rium and the air parcel H,SO,(g) concen-
tration increases, then some of the added
H,SO,(g) will enter the aerosol phase. This
small addition of sulfate will cause a signif-
icant increase in the aerosol acidity (Sun
and Wexler 1998a). As a result, volatile
acidic aerosol species (NO; and CI7) will
evaporate and the basic gas NH, will con-
dense. Because numerical solutions to sys-
tems of differential equations use discrete
time steps, oscillations will occur between
states that are slightly more alkaline and
slightly more acidic than equilibrium re-
quires. These oscillations can become un-
stable because of asymmetry regarding lim-
iting assumptions for condensation versus
evaporation. For a severe condensation
driving force the flux is limited by the
species diffusion rate through the gas phase
(.e., c¢? has a lower bound of 0). On the
other hand, the equivalent physical con-
straints for species evaporative flux are ne-
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glected (i.e., interparticle diffusion and es-
tablishment of near-particle steady-state
gas-phase concentration profiles) since
these processes have characteristic time
scales several orders of magnitude faster
than gas phase diffusion (Wexler and Sein-
feld 1990). The result is that c;¢ has an
infinite upper bound. Under these condi-
tions, ensuring stable numerical behavior
for realistic atmospheric perturbations re-
quires very tight numerical integration tol-
erances for dissociating species and is thus
computationall y expensive.

To avoid this problem Sun and Wexler
(1998a,b) coupled the acid (HNO;(g),
H,S0,(g), and HCI(g)) and base (NH,(g))
fluxes to ensure that equal quantities of
acid and base are transferred between the
acrosol and gas phases. Their constraint,
however, neglects the interdependence of
the acid fluxes and it does not allow the pH
of the particle to change as the influencing
gas-phase concentrations change. This con-
straint on the aerosol pH may lead to
inaccuracies if applied to environments that
are ammonia poor because pH has a sig-
nificant effect on the equilibrium concen-
trations.

MADM improves upon this approach by
considering the thermodynamic relation-
ships between acid fluxes and allowing small
changes in the acidity of the particle up to
a critical acidity flux of @, (in umoles m~?
s™! for aerosol size section k). First, for a
given section, k, the net HT flux, JH+.4- 18
evaluated by assuming full dissociation of
transferred HNO;(g), H,SO,(g), HCl(g),
and NH;(g) to form NOj3, SO;~, CI~, and
NH ], respectively.

i+, = Juno,k +ucu

+2]H2304k_JNH3k- (2)

If Jyi, is >0y or <—oy, then Jy, , is
restricted to one of these limits by modifi-
cation of ¢j! for HNO;, HCI, and NH; by
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a correction factor Q, such that CHNO P =
Qi CHNo, k> cifen = Qi cifey, and CNI; k=
o, k/Qk This scheme maintains the gas-
phase products cif\o, c\h,> cHor cNh,» and
et/ CiiNo, that are predlcted by the ther-
modynamlcs of the system.

To calculate Q,, Equations (1) and (2)
are combined replacing cf¢ with c¢¢¢" for
HNO;, HCI, and NH; and Jy;, , with + o,
(+oy if Jy,, is positive in Equation (2)
and —o if Jy, . is negative) to give

Aerosol Science and Technology
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_ 2 2y eq ’ eq ' eq
B+ \/ﬂ +4nkDNH3chH3k(DHNO3kcHNO3k +DHClkcHClk)

=

where

— ’ _ 2
B= D\ 1 ¢ni, — Plnoyk CHNo,

—_ ! _ ’
2DH28041< ¢n,s50, ~ Prcu Cual

(="
RN, ®
pk*Vk

In Equations (4) and (5) the concentrations
¢, and ¢ are in umoles m~°, D/ =
D,f(Kn; ,a;) with D, in m* s~! and f
defined as in Equation (1), ¢, is in umoles
m~* s7!, D,, is the diameter in meters, N,
is the number density of particles per m?,
and 7, is the Kelvin effect for section k. In
Equation (5), x is 1 if Jy, , is negative
(Equation (2)) and x is 2 if Jy, is positive.

Several special conditions exist where
Equation (3) is not applicable. If cxh, 180
and B is negative, then the correction fac-
tor, Q,, can be calculated by

’ eq ’ eq .
(DHNO3kcHN03k + DYy Cicn )m

(6)

Qk=

’ eq ’ eq
2n, (DHNOBk CHNO +Dhcu CHcw )

ak(_l)x
=27rD’HN03Dpka[CHN03_chfquoﬂk]
+27rD'HC1DpkNJCHc1_chff’aﬂﬂ
+47nDYy 50,0y NiCH,s0,
, CNH
— 27D\, Dy Ni [ oxm, — e |-
9,
(3)
Solving for Q,
, (4)

If cii\o, and cffc, are 0 and B is positive,
Q, can be determined by

D} i
0,= NH3kﬂNH3k k- 7)

If c{fy, is 0 and B is positive or if cfio,
and c{f, are 0 and B is negative, then no
correction is made (Q, = 1). These last two
cases are not likely to lead to severe oscilla-
tions because they represent conditions
where condensation, which is limited by the
gas-phase diffusion rate, is dominant in the
system.

By allowing o, to vary proportionally (by
the constant A) with the aerosol hydrogen
ion concentration, ¢y,

ay=Acyi (8)

the acid flux constraint can be applied to
acidic, neutral, and alkaline particles with-
out imposing disproportionate flux restric-
tions in any of these cases. The advantage
of this scheme over that of Sun and Wexler
(1998a) is that particle acidity is allowed to
vary as required by thermodynamics; yet at
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the same time, numerical instability is
avoided. For this work a proportionality
constant of A =0.1 s™! is used. This value
of A is low enough to restrict numerical
oscillations, but high enough to allow acidi-
fication (or neutralization) of a particle in a
few seconds. This time scale for acidifica-
tion is likely to be adequate given atmo-
spheric time scales for emissions and gas-
phase reactions involving H,SO,(g),
HNO,(g), HCI(g), and NH,(g). Sensitivity
model runs for the scenario presented be-
low indicate that values of A between 0.01
and 1.0 yield similar results.

Solid Aerosol Dynamics

As in the liquid case, if the aerosol parti-
cles are solid, all terms in Equation (1) can
be casily estimated with the exception of
cid. In contrast to the liquid calculation,
however, the equilibrium gas-phase concen-
trations over the solid particle surface can-
not be determined based on the aerosol-
phase information only. This is because
equilibrium concentrations are indepen-
dent of the amounts of existing solids. To
resolve this issue Wexler and Seinfeld
(1990) and Meng and Seinfeld (1996) as-
sumed that the dominant solid aerosol-
phase / gas-phase reactions

NH,NO,(s) 2 NH;(g) +HNO,(g), (R-1)

NH,CI(s) 2 NH;(g) +HCl(g), (R-2)
NaCl(s) + HNO,(g) 2 NaNO,(s)
+HCl(g)  (R-3)

can be applied independently. They calcu-
lated electroneutral mass transfer (if
NH,(g) was present) to a pure solid particle
and then added the fluxes for the three
equations. This decoupling of the driving
forces for mass transfer may introduce er-
rors when multiple reactions are important.
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In contrast, MADM solves for the fluxes
of HNO,, HCI, and NH, by considering
reactions (R-1)-(R-3) simultaneously with
the addition of an electroneutrality (Equa-
tion (9)) constraint (if NH(g) is present)
on the molar fluxes, J,, of HNO,, H,SO,,
HCI, and NH,

Init, = uno, Tua 204 5o, 9)

Changes in particle acidity do not have to
be considered in the solid aerosol, as was
the case in the liquid acrosol, because
the aerosol species can be assumed to exist
as neutral salts (e.g., NH,NO;(s)). How-
ever, difficulty arises from the fact that
during the lifetime of an atmospheric
particle, phase transitions may occur, e.g.,
NH,NO,(s) may evaporate completely or
NaNO,(s) may form. These solid-phase
transitions lead to a new chemical composi-
tion, and therefore it is necessary to solve a
new system of equations. To account for
these transitions, MADM tests for phase
changes during integration by calculating
the internal aerosol composition (via
ISORROPIA, Nenes et al. 1998) every time
the integration routine requires J. The ap-
propriate reactions (and system of equa-
tions) for the given aerosol state are thus
chosen “continuously.” Since the existence
of a specific inorganic solid in the particu-
late phase depends on the relative amounts
of ammonium, sulfate, and sodium (Pilinis
and Seinfeld 1987; Nenes et al. 1998), dif-
ferential equations are derived for all the
subcases listed in Nenes et al. (1998). These
subcases are defined by the relevant chemi-
cal reactions that apply to the system.

If there is sufficient ammonia to main-
tain a neutral acrosol phase, MADM con-
siders the three reversible reactions shown
above (R-1)-(R-3). These reactions deter-
mine the equilibrium concentrations of am-
monia, nitric acid, and hydrochloric acid
over the particle surface. The first reaction
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(R-1) is considered “active” if either
NH ,NO,(s) exists in the aerosol phase or
sufficient NH 4(g) and HNO,(g) are present
that NH,NO,(s) will be formed (i.e., the
product of cyno, cnn, exceeds the equilib-
rium constant for reaction (R-1), K,). Ap-
plication of the second reaction requires
either the presence of aerosol NH,CI or
sufficient NH ;(g) and HCI(g) that NH ,CI(s)
will be formed (cyno, cnu, > K»). The third
reaction is “active” if NaCl(s) exists and
cner/ Cuno, < K3 or NaNOs(s) exists and
cuer/ Cuno, > K. In addition to these reac-
tions there are four practically irreversible
reactions. These occur during H,SO,(g)
condensation and convert nitrate and chlo-
ride salts to sulfate ones.

2NaCl(s) +H,S0,(g) —

Na,SO,(s) +2HClI(g), (R-4)
2NaNO,(s) +H,S0,(g) =

Na,SO,(s) +2HNO,(g), (R-5)
2NH ,NO,(s) +H,S0,(g) —

(NH,),SO,(s) +2HNO,(g), (R-6)
2NH,CI(s) +H,S0,(g) =

(NH ,),S0,(s) +2HClI(g). (R-7)

In addition, if H,SO,(g) and NH ;(g) con-
dense on a particle that contains both
NaCl(s) and NaNO,(s), thermodynamics fa-
vors the formation of Na,SO,(s) and
NH ,CI(s). Thermodynamics also prevents
the occurrence of all four nitrate and chlo-
ride salts (NaNO,(s), NaCl(s), NH,NO,(s),
and NH,CI(s)). MADM assumes that
sodium will preferentially associate with the
nitrate (i.e., either NaNO;(s), NaCl(s), and
NH,CI(s) will exist or NaNO,(s),
NH ,NO,(s), and NH ,ClI(s) will exist). These
solid-phase assumptions and reactions
(R-4)-(R-7) affect the aerosol composition
and therefore the equilibrium concentra-
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tions of the system. For this reason they
need to be considered when deciding which
of equilibrium reactions (R-1), (R-2), and
(R-3) are “active” in controlling the ¢
values. For example, if NaCl(s) is present
and H,SO,(g) and NH;(g) condense, then
NH ,CI(s) is assumed to form and (R-2) is
considered “active.”

When there is not enough ammonia to
neutralize the aerosol sulfate, the salts of
nitrate and chloride will not be present in
the aerosol. Therefore, none of the above
reactions are “active.” The cases where the
available sulfate is fully neutralized are
presented first, followed by the solid acidic
state.

Neutral solid aerosol. In these cases the at-
mospheric system contains enough ammo-
nia and sodium to neutralize the available
sulfate. The possible solids (neglecting the
formation of double salts) in the aerosol
phase are (NH,),SO,(s), NH,NO;(s),
NH ,CI(s), NaCl(s), NaNO,(s), and
Na,SO,(s). However, the four chloride and
nitrate salts cannot coexist. This leads to
separate treatment of systems involving
some fraction of these salts (subcases (a)-
(i)). The sulfate solids, (NH,),SO,(s) and
Na,SO,(s), are assumed to have negligible
vapor pressures and therefore their concen-
trations can be determined by stoichiome-
try. A summary of the solid neutral acrosol
subcases is presented in Table 1. The
acrosol and gas-phase compositions for
each subcase are presented in Table 2.

(a) Sodium and NH ,ClI equilibrium reactions,
(R-2) and (R-3), are active. This subcase
applies to the acrosol and gas-phase com-
positions shown in Table 2. In general these
conditions involve NH ,Cl(s), NaCl(s), and
NaNOj;(s) with the absence of NH,NO,(s).
NH ,CI(s), NaCl(s), and NaNO,(s) can be
absent if gas-phase concentrations of
HNO,, NH;, HCl, or H,SO, favor their
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TABLE 1. Solid aerosol neutral subcases of MADM.

Active* Equilibrium Reactions
Subcase and Flux Constraints’ Equations

For all cases, J;=27mD,D,Nf(Kn,, ajle;— ctnl for i= HNO;, NH;, and HCl unless otherwise stated below
with ¢;7 given below and Jy 50, = 27Dy 50,0, Nf (Kny 50,5 asto)lCstoJ

1/2
=V +[V? +4Dyy K, (Diyyno, T K3 D)/ Kl

(a) NH,CI(s) 2 NH,(g) +HCl(g) Citno. =
4 < 3\g g HNO; 2(Di-INO3 +K3Di-IC1)
K
NaCl(s) +HNO;(g) & NaNO(s) +HCl(g) ciiy, = ———
* Kjceywo,

eq __ eq
chc1 = Kscenno,

— — 7y _ '
V=D\n,cNxu, — PhnoCuNo, ~ DHciCHal 2[)1-1250401-12504

1/2
—V+|V? +4Dyy K(Dyyno, TK, D/ K

(b) NH,NO;(s) 2 NH;3(g) +HNOs(g)  c¢fino, = TCTNET IS
HNO; 2~ HCI 1
K
NH,CI(s) 2 NH;(g) +HCl(g) R ==
© CHNO,
eq _K2 eq

CHC1 = _K CHNO,
1

- — 7y . '
V=D\n,cNxu, — PhnoCuNo, ~ DHciCHal 2[)1-1250401-12504

1/2
=V +[V? +4Dyy K\(Diyno, TK3Diicr)!

2(Di-mo3 +K3Djyc))

(c) NH;NO;(s) 2 NH;3(g) +HNOs(g)  c¢fno, =

K
NaCl(s) +HNO;(g) & NaNO(s) +HCl(g) ciiy, = ——
© CHNO,

chicl = KSCIE-{/NO3

— — 7y . '
V=D\n,cNxu, — PhnoCuNo, ~ DHciCHal 2[)1-1250401-12504

(d) None N, = 24,50, Jnar = Juano, =0
) , , 1/2
» —P +[ P> +4Dyy Diyno K|
(e) NH,NO;(s) 2 NH;(g) +HNO;(2)  cffno, = — :
: 2DI—INO3
eq K,
CNH, = Teq
HNO;
Juc1 =0

— ’ — ’ — ’
P=Dx\n ,cxu,~ Duno,Cnno, 2[)1-1250401-12504

) NH,CI(s) 2 NH;(g) + HCl(g) Jino, =0
. —RHIR +4D Dy K,
CNH, = T
: 2Dy,
q _ K2
CHCI ™ “eq
NH ;

j— ’ ’ — ’
R=DyciCHal "'2[)1-1250401-12504 D\#,cNH,
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TABLE 1. (Continued)
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Active* Equilibrium Reactions

Subcase and Flux Constraints’ Equations
S
() NaCl(s) + HNO,(g) 2 NaNO;(s) +HCl(g) o, = ——————
’ DI—INO3 + K3 Dyl
JIxu, =0 Ini, =0
Cic1 = K3CIE-{IN03
S=DyciCuc "'2[)3-1250401-12504 +Di—INO3CHNO3
(h) I, =0 Juno, = Inu, =0
Jher1 = _211-12504
0] JIxu, =0 Juno, = ~2Ju,s0,

INe, =IO = 0

* An active reaction is one in which reactants exist for the thermodynamically favored reaction direction (forward

or reverse) as determined by the gas phase concentrations.

¥ Flux constraints are applied only if an equilibrium reaction is restricted because a nonexistent species is being
required to evaporate. See text and Table 2 for the cases that require flux constraints.

formation. For example, if only NaCl(s)
and NH ,CI(s) exist in the aerosol phase and
et/ Cuno, < K, then (R-3) is active and
will form NaNO,(s).

Additional aerosol and gas-phase compo-
sitions are included in this subcase to im-
prove the computational efficiency of the
algorithm. For example, consider the case
where only NaCl(s) and NaNO,(s) exist in
the aerosol phase. If H,SO,(g) condenses it
will displace some of the available chloride.
This chloride has the potential to react with
gas-phase ammonia to form NH,CI(s). An-
ticipating this potential NH,CI(s) forma-
tion, the NaCl(s) and NaNO,(s) case is
grouped in subcase (a). If NH ,CI(s) is not
formed, then the predicted flux of ammo-
nia, Jyy . will be negative (NH;(g) evapo-
rates) and subcase (g) is applied where only
reaction (R-3) is active and the ammonia
flux is set to 0. If this is not done, and the
NaCl(s) and NaNO,(s) case is treated from
the beginning with only the application of
reaction (R-3), then oscillations may de-
velop between NH ,Cl(s) being formed from

H,S0,(g) condensation and evaporation of
NH ,CI(s) that may occur when the newly
formed NH ,CI(s) is subjected to the appli-
cation of reaction (R-2) in subcase (a). To
avoid these oscillations, the more compre-
hensive set of reactions (subcase (a)) is first
applied. Then if one of the assumed active
reactions cannot achieve its equilibrium
value (for instance a nonexistent species is
predicted to evaporate), that reaction is
“deactivated” and the appropriate subset of
the former reactions is applied. Similar
cases of “special applications” of a subcase
are discussed in the footnotes of Table 2.

In this case the following equilibrium
relations hold:

K, = e\, crcrs (10)
CHel

Ky=—, (11)
CHNO,

where K, is the thermodynamic rate con-
stant for the ith chemical reaction. Com-
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bining Equations (10) and (11),

T (12)
ey = .
A Kscﬁqu

In addition to the above equations, the
fluxes of ammonia, nitric acid, hydrochloric
acid, and sulfuric acid must satisfy elec-
troneutrality (Equation (9)). Equations (1),
(9), (11), and (12) can be solved to give the
equilibrium concentration for HNO;(g):

—V+[V?+4Dy,
, ., 1/2
X KZ(DHNO3 +K3DHC1)/K3]
2(D’HN03 +K3Dycy)

eq
CHNO,

>

(13)

A Multicomponent Aerosol Dynamics Model 491

where

— ! _ ’
V' =Dy, cnu, — Duno,Cuno,

_D'HC1CHC1_2D’stoACsto4 (14)

with D/=D,f(Kn,a,) the effective diffu-
sivity for all condensable gases i. Equations
(1) and (11)-(14) provide a self-consistent
method for the calculation of the mass
transfer of the inorganic species between
the gas and the aerosol phases for this
subcase.

(b) NH,NO,; and NH,Cl equilibrium
reactions, (R-1) and (R-2), are active. In

TABLE 2. Inorganic aerosol species and gas-phase concentration products that apply to each solid neutral

subcase.

Aerosol species

9 9
cnu CaNo, ~ Ki? enp,Cua > Kj?

cHC,/cHNO3 >K3;?  Note

Subcase (a)

NaCl, NaNO;, NH,Cl —
NacCl, NaNO;, NH,Cl, Na,SO, —
NaCl, NH ,Cl —
NaCl, NH,Cl, Na, SO, —

— No
— No

Special applications of subcase (a)

NaCl —
NaCl, Na, SO, —
NaCl, NaNO; —
NaCl, NaNO;, Na, SO, —
NaNO; No
NaNO;, Na, SO, No

NH,NO,, NH,Cl —
NH,NO;, NH,CI, (NH,),SO, —
NH,NO;, NH,Cl, Na,SO, —
NH ,NO;, NH,Cl, Na,S0,, (NH,), SO, —

NH,CI Yes
NH ,Cl, (NH,),SO, Yes
NH,CI, Na, SO, Yes
NH ,Cl, Na, SO,, (NH,),SO, Yes
NH,NO, —

NH,NO;, (NH,),S0, =
NH,NO,, Na, SO, —
NH,NO;, Na,S0,, (NH,),SO, —

None Yes
(NH 4 )2 SO4 Yes
Na, SO, Yes

Na,S0,, (NH,),SO, Yes
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TABLE 2. (Continued)

i ? ? b
Aerosol species ¢NH,CHNO, ~ Ky? enn,Cuo ~ Ky? cHCl/cHN03 > K;? Note

Special applications of subcase (b)

NaNO; — Yes No 1
NaNO;, Na, SO, — Yes No 1
NaNO;, NH,CI — — No 1
NaNO;, NH,NO;, Na, SO, — — No 1
NaNO;, NH4NO; — No Yes 1,4
NaNO;, NH,NO;, Na, SO, — No Yes 1,4
NaNO;, NH,NO; — Yes — 4
NaNO;, NH,NO;, Na, SO, — Yes — 4
NaNO;, NH,NO;, NH,CI — — — 4
NaNO;, NH,NO;, NH,Cl, Na, SO, — — — 4
Special applications of subcase (c)
NaNO; Yes — Yes 1,5
NaNOj;, Na, SO, Yes — Yes 1,5
Subcase (d)
None No No —
(NH,), SO, No No —
Na, SO, No No —
Na,S0,, (NH,),SO, No No —
Subcase (e)
NH,NO, — No —
NH 4NO;, (NH,),SO, — No —
NH,NO;, Na, SO, — No —
NH,NO;, Na,S0,, (NH,),S0, — No —
NaNO;, NH,NO, — No No
NaNOj;, NH,NOj;, NaSO, — No No
None Yes No —
(NH,),S0, Yes No —
Na, SO, Yes No —
Na,SO,, (NH,),SO, Yes No —
Special applications of subcase (e)
NaNO; — No No 1,6
NaNO;, Na, SO, — No No 1,6
Subcase (f)
None No Yes —
(NH,),S0, No Yes —
Na, SO, No Yes —
Na,SO,, (NH,),SO, No Yes —
NH,CI No — —
NH,Cl, (NH,),SO, No — —
NH,Cl, Na, SO, No — —
NH,Cl, Na, SO, (NH,),SO, No — —
Special applications of subcase (f)
NaCl — — Yes 1,7,8
NaCl, Na, SO, — — Yes 1,7,8
NaCl, NH,Cl — — Yes 7
NaCl, NH,ClI, Na, SO, — — Yes 7
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TABLE 2. (Continued)

i ? ? ?
Aerosol species ¢NH CHNo, ~ Ky? enn,Cua ~ Ky? cHC,/cHNO3 > K;? Note

Special applications of subcase (g)

NaCl No No No 9

NaCl, Na, SO, No No No 9

NaCl, NaNO, No No — 9

NaCl, NaNO;, Na, SO, No No — 9
Special applications of subcase (h)

NaCl — No Yes 10

NaCl, Na, SO, — No Yes 10
Special applications of subcase (i)

NaNO; No No No 11

NaNOj;, Na, SO, No No No 11

—Indicates that the truth of the statement is not relevant.

1 H,S0,(g) and NH;(g) condensation may cause the formation of NH 4CI(s) if NaCl(s) exists or is expected to
form by reaction (R-3) or may cause the formation of NH,NO;(s) if NaNOs(s) is present and NaCl(s) is absent.

2 If upon solving this case NH;(g) is determined to evaporate from the aerosol phase (Jyy, < 0), then NH,Cl(s)
will not form (reaction (R-2) should not be active) and subcase (g) applies. ‘

3 If upon solving this case Jyy, > Jyyci, then NH,NO;(s) forms and NaCl(s) does not. Therefore, reaction (R-2)
is active and (R-3) is not and so subcase (b) is applied.

4 Assumes that any NaCl(s) that forms will react with NH,NO,(s) to form NH,CI(s).

5 If upon solving this case NH 3(g) is determined to condense (Jyyy, > 0), then NH4NOs(s) forms and subcase (b)
is applied. If NH;(g) is determined to evaporate from the aerosol phase (Jyy, < 0), then NaCl(s) forms and
subcase (a) is applied. ‘

6 If upon solving this case NH;(g) is determined to evaporate from the acrosol phase (Jyy,<0), then
NH 4NO;(s) will not form (reaction (R-1) should not be active) and subcase (i) applies. ‘

7 Assumes that any NH,NO;(s) that forms will react with NaCl(s) to form NH,CI(s) and NaNOx(s) and that the
NaNO,(s) that forms will be consumed by the sodium reaction (R-3).

8 If upon solving this case NH ;(g) is determined to evaporate from the aerosol phase (Jyy, < 0), then NH,CI(s)
will not form (reaction (R-2) should not be active) and subcase (h) applies. ‘

9 Only applies if subcase (a) indicates that no ammonia will condense.

10 Only applies if subcase (f) indicates that no ammonia will condense. Also, assumes that any NH,NO(s) that
forms will react with NaCl(s) to form NH,CI(s) and NaNO,(s) and that both the NH,CI(s) and NaNO,(s) that
form will be consumed by the reactions (R-2) and (R-3), respectively.

11 Only applies if subcase (¢) indicates that no ammonia will condense.

general this subcase involves particles of  Specifically,
NH ,NO,(s) and NH,CI(s) (Table 2). Either

K
or both of NH,NO,(s) and NH,CI(s) may  c{f;= K—ZCf{’NO}, (15)
be absent if gas-phase concentrations of !
HNO,;, NH;, and/or HCI promote their s, = K, (16)
formation. A number of special cases are ' ChHNo,
also treated with this subcase to improve —V+[V2 +4Dhy;

computational efficiency. Following the
same procedure as in the previous case, we ol —
can solve for the equilibrium concentra- HNO, 2(D’HNO3 +K,Dye)/Ky)

tions of the wvolatile inorganic species. (17)

, ., 1/2
X K (Djyo, +K2DHC1)/K1]
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Equations (1) and (14)-(17) are used to
calculate the mass transfer of the inorganic
species between the gas and the aerosol
phases for this subcase.

(¢) Sodium and NH,NO; equilibrium reac-
tions, (R-1) and (R-3), are active. Because
an aerosol composition of sodium nitrate
and ammonium chloride is thermodynami-
cally favored over a composition of sodium
chloride and ammonium nitrate, MADM
assumes that NaCl(s) and NH,NO,(s) will
not exist in a particle at the same time.
This limits the application of subcase (c) to
the following scenario. Only NaNO,(s) or
NaNO,(s) and Na,SO,(s) exists in the
aerosol phase; cyno, cnn, > K, which im-
plies that NH,NO,(s) will form and (R-1)
is active; and cyei/ cyno, > K3, which im-
plies that NaCl(s) will form and (R-3) is
active. Since NaCl(s) and NH,NO,(s) can-
not coexist, subcase (c) is only used to
determine which species (NaCl(s) or
NH ,NO,(s)) is likely to form.

Following the same procedure as in the
previous case, one can solve for the equilib-
rium concentrations of the volatile inor-
ganic species. Specifically,

eq — eq
crer = Kicino, » (18)
K,
eq  —
CNH, = —Zq » (19)
CHNO,

—V+[V2+4Dy,,
, ., 1/2
X K,(Djno, +K2DHC1)]

2(D'HN03 +K, D))

eq =
CHNO,

(20)

Equations (1), (14), and (18)-(20) are used
to calculate the mass transfer of the inor-
ganic species between the gas and the
acrosol phases for this subcase. If this sys-
tem predicts the condensation of HNO;(g),
then NH,NO;(s) will be present and sub-
case (b) should be used, otherwise NaCl(s)

Aerosol Science and Technology
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will form and subcase (a) is appropriate. In
no situation is subcase (c) used to deter-
mine final ¢;! values since MADM as-
sumes that NH,NO;(s) and NaCl(s) cannot
coexist.

(d) NH,NO,(s), NH,Cl(s), NaCl(s), and
NaNO;(s) do not exist in the aerosol phase.
In this subcase the acrosol consists only of
Na,SO,(s) and/or (NH,),SO,(s) as inor-
ganic species. No reversible reactions take
place. The fluxes of HNO,(g) and HCl(g)
are equal to 0, while the flux of sulfuric
acid is calculated from Equation (1). Since
there is enough ammonia to neutralize any
condensing sulfuric acid,

INH k= 21,50,k (21)

When the ammonia is depleted, then only
sulfuric acid condenses and the aerosol will
become acidic. As soon as this happens, the
equations of section Acidic Aerosol apply.

(e) Ammonium Nitrate Systems (No chloride
reactions are active). Possible salts in this
subcase are NH,NO,(s), Na,SO,(s),
(NH ,),S0,(s), and NaNO;(s) and gas-phase
concentrations are such that neither (R-2)
nor (R-3) favors chloride salt formation
(Table 2). Thus, the only active equilibrium
reaction is (R-1). The equilibrium concen-
trations used in Equation (1) to calculate
the fluxes are

K,
Ny == , (22)
’ CﬁqN03

5 , , 1/2
—P+[P +4DNH3DHN03K1]

Cfquo3= 2Dimo. )
| (23)
where
P=D\y,cxu, — Dhno,Cuno,
—2DH,50,CH,50,- (24)
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The HCI(g) flux is 0. In the special cases
where NH,NO,(s) does not exist in the
aerosol phase, if evaporation of ammonia is
required (Jyy, < 0), then reaction (R-1) will
not be able to achieve equilibrium. For this
situation subcase (i) is applied.

(f) Ammonium Chloride Systems (No nitrate
reactions are active). Possible salts in this
subcase are NH,CI(s), Na,SO,(s),
(NH,),S0,(s), and NaCl(s), and gas-phase
concentrations are such that neither (R-1)
nor (R-3) favors nitrate formation (Ta-
ble 2). Thus, the only active equilibrium
reaction is (R-2). The equilibrium concen-
trations used in Equation (1) to calculate
the fluxes are

K,

CHOI= 27 (25)
CNH,
1/2
—R +[R* +4D}y D¢ K, ]
CNH3 = D! ) >
NH,
(26)
where
R = DyciCucl "'2D'stoACsto4
— Dxu Onn, - (27)

The HNO,(g) flux is 0. In the special cases
where NH,CI(s) does not exist in the
aerosol phase, if evaporation of ammonia is
required (Jyg < 0), then reaction (R-2) will
not be able to achieve equilibrium. For this
situation subcase (h) is applied.

(g) Sodium System (Neither NH;NO; nor
NH,CI reactions are active). The possible
solids in the aerosol phase are NaCl(s),
NaNO,(s), and Na,SO,(s), and gas-phase
concentrations are such that (R-1) does not
favor NH ,NO,(s) formation and (R-2) does
not favor NH ,Cl(s) formation. MADM first
applies the equations of subcase (a) since
condensation of H,SO,(g) will encourage

A Multicomponent Aerosol Dynamics Model 495

condensation of NH,(g) leading to the po-
tential formation of NH,Cl(s). However,
because there are no ammonia salts ini-
tially present in the aerosol, if subcase (a)
determines that ammonia should evaporate
(Jxu, <0), then the system will be unable
to achieve equilibrium with respect to (R-2)
the NH,CI(s) reaction (one cannot evapo-
rate a nonexistant species). Reaction (R-2)
is therefore removed as an active reaction.
So for this subcase the ammonia flux is set
to 0 (Jyy,=0) and only the sodium reac-
tion (R- 1) is applied. Following the same
derivation approach we find that

CHc1 = K3CHNO ) (28)
S
Ciino, = 77, (29)
: HNO, +KiDye
where

S =DjciCua "'ZD'stoACsto4
*+Dino,CHro,- (30)

(h) NaCl and Na,SO, aerosol where no equi-
librium reactions are active. Aerosol salt
compositions include NaCl(s) or NaCl(s)
with Na,SO,(s). Gas-phase concentrations
are such that cyeienn, < Ky» cyar/ Cuno, >

K5, and subcase (f) indicates that NH3(g)
will not condense (JNH «=0). In this sub-
case there are no equ111br1um reactions tak-
ing place and no nitrate salts in the acrosol
phase can be formed. Thus Jyyo, =0 and
I, ¢ = 0. The flux of HCl is calculated as

Juct ke = 72 u 50,4 (31)
(i) NaNO; and Na,SO, aerosol where no
equilibrium  reactions are active. Aerosol
salt compositions include NaNO;(s) or
NaNO,(s) with Na,SO,(s). Gas-phase con-
centrations are such that cyyo o, <
Ky, cucienn, < Ko, cHCl/cHNO < Ks» and
subcase (e) indicates that NH3(g) will not
condense (JNHZ’,(S 0). In this subcase there
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are no equilibrium reactions taking place
and no chloride salts in the acrosol phase
can be formed. Thus e, ¢=0and Jyy
=0. The flux of HNOj is calculated from
equation
Jano, k= T2 u,50,.k (32)
Acidic Aerosol. In this case the system con-
tains insufficient ammonia and sodium to
neutralize the sulfate present. The system
is acidic and therefore NaCl(s), NH,CI(s),
NH,NO,(s), and NaNO;(s) will not be
present. Solids present include sulfate
and bisulfate salts. In this subcase there
are no equilibrium reactions taking place
and Jyno, « =Jucix =0. The only inor-
ganic species transported between the two
phases are sulfuric acid and ammonia with
e, = 0.

ORGANIC MASS TRANSFER

The approach of Bowman et al. (1997) is
used to represent organic mass transfer in
MADM with the parameters proposed by
Strader et al. (1999). For both liquid and
solid particles, Equation (1) is used with c¢&¢
values calculated assuming a pseudo-ideal
organic aerosol solution. The organic com-
ponents are assumed to exist as an organic
solution that does not absorb water. No
interaction between the organic and inor-
ganic components is considered.

MADM: MARINE AIR EXPOSED TO
URBAN EMISSIONS

In this section a single cell box model with
MADM is used to simulate a marine aerosol
population exposed to an urban atmo-
sphere, including the idealized production
of sulfuric and nitric acids as well as ammo-
nia emissions. Sulfuric and nitric acids are
the products of SO,(g) and NO,(g) oxida-
tion, though chemical reactions responsible
for the oxidation are not included here, but
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instead temporally varying inputs of the
acid products are used. This example is
designed to highlight the ability of the
model to predict the evolution of the
aerosol size /composition distribution un-
der a variety of states, including solid and
liquid and acidic and neutral particles. The
example also shows the ability of the algo-
rithm to transition between the above
states. A box model is used with 10 aerosol
size sections from 0.05 to 10 microns in
diameter.

This scenario is loosely based upon sum-
mer conditions in southern California, sim-
ulating an air parcel starting over the ocean
and moving inland for 38 h. The air parcel
starts at midnight over the ocean, spends
13 h in the marine boundary layer, and
then moves inland. Assumed temperature
and relative humidity profiles are shown in
Figure 1. In this scenario HNO;(g) produc-
tion is restricted to the daytime and when
the air parcel is over land. Nighttime
HNO,(g) production is assumed to be 0 for
this example. Uniform H,SO,(g) produc-
tion is assumed since both in-cloud oxida-
tion and gas-phase photo-oxidation of SO,
are important sources of sulfate. In addi-
tion, two “plumes” of NH ;(g) emissions are
included in this scenario to represent the
emissions of waste treatment facilities near
the coast and the agricultural/animal oper-
ations inland. The “emissions” scheme is
shown in Figure 2.

The initial marine aerosol size distribu-
tion is shown in Figure 3. It consists of a
fine mode of particles dominated by ammo-
nium sulfate and organics and a coarse
mode of sodium chloride and sodium sul-
fate that has been partially converted to
sodium nitrate. This distribution is consis-
tent with aerosol measurements taken at
San Nicholas Island off the coast of Los
Angeles (Pandis et al. 1993). The initial
aerosol distribution is exposed to gas-phase
concentrations of 0.3 ug m~> of ammonia
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FIGURE 1. Temperature and relative humidity (RH)
inputs for the MADM scenario.

and 4.0 ug m™? of nitric acid. Since there

is little ammonia in the gas phase, the first
hours show only the gradual displacement
of chloride by nitrate in the coarse mode
(sections 7-10, Figures 4a and c) and the
acidification of the fine mode particles (Fig-
ure 5). Most of the nitrate is added to
particles in the 1.5 to 4 um diameter range
during this period.

Diameter changes in the 10 sections are
shown in Figure 6. After an hour, the 2 ym

Might Day | gt | Day
124 B
NH {gjx10
'Tc E
?E ER ]
=]
=
w0
5 HNO (g}
g 4
2 H,S0,(g)x10
m
0 T T T T

¢ 8 12 18 24 30 36

FIGURE 2. Nitric acid, ammonia (x10~ !), and sulfu-
ric acid (x10) gas phase source terms for the MADM
scenario.
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Concentration (pg m-)

Wet Diameter (um)

FIGURE 3. Initial aerosol composition and size dis-
tribution for the MADM scenario. Diameters are given
for the wet state.

diameter particles (section 7) reach equilib-
rium with the gas phase, however, because
the larger particles (sections 8—10) are still
forming nitrate, the 2 um diameter parti-
cles (section 7) lose HNO,(aq) back to
the gas phase to maintain equilibrium
(Figure 7). While this process takes place,
H,S0,(g) is condensing on all the particles
but most rapidly on the smallest ones
(Figure 4d).

At 7:00 AM sunlight begins to warm the
air and reduce the relative humidity. This
rise in temperature promotes the evapora-
tion of nitrate from the fine mode sections
(Figures 4 and 7), which lowers the charge
ratio of acidic ions (NO7, SO;~, and CI7)
to basic ions (NH} and Na™) (Figure 5).
By 9:30 AM, however, most of the nitrate
has evaporated from the fine mode and the
acid to base ratio again begins to rise. At
noon the relative humidity has dropped to
below the crystallization threshold of the
coarse mode particles (sections 7-10, Fig-
ure 8). MADM is able to simulate cases
where some of the particles are solid, some
are partially solid and partially liquid, and
others are liquid (Figures 6 and 8). This
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FIGURE 4. Gas and aerosol fine and coarse mode predictions of the MADM scenario for a) nitrate, b)
ammonia, c) chloride, and d) sulfate. NHI completely evaporates from the coarse mode between hours 12

and 16.

change in state allows release of a small
amount of NH; (0.04 ug m~*; Figure 4b)
from the coarse particles. This ammonia is
rapidly taken up by the small particles and
causes a 1% decrease in the acid to base
ratio (Figure 5). After this, there is almost
no NH, available in the gas phase to neu-
tralize the condensing H,SO,. The result is
a steady rise in the acid:base ratio of the

small sections. Until this point, Figure 5
shows equivalent acid:base ratios for all the
fine mode sections. This indicates that these
particles are all maintaining equilibrium
with the gas phase despite different rates of
H,S0,(g) accumulation. However, after
12:00 separation becomes apparent in Fig-
ure 5 as the smaller particles are becoming
acidic faster than the larger particles in the
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FIGURE 5. The predicted ratio of negative charge

from acidic ions (NO; (aq), SO;~ (ag), and Cl,,)) to

positive charge from basic ions (NHj (aq) and
Na™ (aq)) for fine mode (sections 1-6) during the first
17 h of the MADM scenario. The scenario average
diameters, D, of aerosol sections 1-6 are indicated
in the legend. To calculate this ratio all aerosol nitrate
is assumed to exist as NO; (aq), all aerosol sulfate
(including bisulfate) is assumed to exist as SO} (aq),
all aerosol chloride is assumed to exist as Cl~ (aq),
all aerosol ammonia is assumed to exist as NH} (aq),
and all sodium is assumed to exist as Na™* (aq).

fine mode. In addition to the loss of the
ammonia when the large particles become
dry, NaCl(s) is replaced by NaNO,(s) with
particles of diameters 1.2, 2.2, and 3.6 mi-
crons running out of chloride at hours 12.3,
13.5, and 14.2, respectively.

At 1:00 PM (hour 13), when the air par-
cel reaches land, emission of NO, and pro-
duction of HNO,(g) are assumed to begin.
Because of the acidity of the small particles
and the depletion of chloride in the large
particles, the majority of the emitted
HNO,(g) accumulates in the gas phase
(Figure 4a) with a small fraction condens-
ing on the fine particles (Figure 7).

At hour 16 (4:00 PM), the air parcel
encounters the first major NH(g) source.
This results in a rapid and complete neu-
tralization of the acidic particles (Figure 5).
Uptake of the accumulated HNO;(g) and
the newly emitted NH,(g) is most rapid in
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Diameter {um)

FIGURE 6. Predicted diameter changes for the 10
aerosol size sections of the MADM scenario. Sharp
diameter changes indicate deliquescence (increases)
and crystalization (decreases). Day and night, and
periods in which the air parcel is over water (Marine)
and over land (Urban), are indicated.

the smallest sections. These sections come
to equilibrium with the gas phase before
the larger sections. The slow down in the
transfer of HNO,(g) onto the smallest sec-

—— =11 i
- D AT pen = W =D~
oelvee B Bepm cowe D -E0pm
g Do A2 pm ke DA S am
OBl — - D, B m

0 6 12 13 24 30 36
[— Marize | T Toman T _I

FIGURE 7. Predicted aerosol nitrate concentrations
in each of the 10 sections for the MADM scenario.
The scenario average diameters, D, of the 10 aerosol
sections are indicated in the legend. Day and night,
and periods in which the air parcel is over water
(Marine) and over land (Urban), are indicated.
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tion seen in Figure 7 is due to the reduc-
tion in the gas-phase concentrations of NH
and HNO, (Figures 4b, a) caused by their
condensation onto the larger sections. With
the increase in NH;(g) concentration,
the accumulated HCI(g) also condenses
(Figure 4c).

At hour 18 (6:00 PM), the HNO,(g) pro-
duction ceases. This halts the condensation
of HNO,(g) and NH,(g) onto particles
<0.3 um in diameter. However, the larger
sections are still not in equilibrium with gas
phase HNO; and NH ;. Therefore, particles
>0.3 um in diameter continue to absorb
HNO,(g) and NH,(g). This decreases the
corresponding gas-phase concentrations
and requires evaporation of these species
from sections 1 and 2. Since 2:00 PM, the
air has been cooling and the relative hu-
midity rising. At 7:30 PM the coarse mode
sections deliquesce (Figure 8) and begin to
attract HNO,(g), NH ;(g), and HCl(g) (Fig-
ure 4). This reforms NaCl in the coarse
mode particles (sections 7-10) and allows
for the accelerated uptake of HNO,(g) in
these sections as NaCl is once again con-
verted into NaNO,.

As the sun rises on the second day (hour
30), HNO,(g) production resumes. In addi-
tion, the relative humidity begins to drop
rapidly. With the availability of HNO;(g),
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FIGURE 8. Predicted aerosol water concentrations in
the MADM scenario. A zero concentration of water
indicates a solid particle. The scenario average diame-

ters, D,, of the aerosol sections are indicated in the

legend. Day and night, and periods in which the air
parcel is over water (Marine) and over land (Urban),
are indicated.

aerosol phase NH,NO; forms (Figures 4a,
b). At 7:40 AM of day 2 (hour 31.7), the
coarse mode particles (sections 7-10) be-
come dry (Figure 8). At 8:00 AM the air
parcel passes over the second NH; source.
Ten minutes later, the relative humidity is
low enough that all the aerosol sections
crystallize. The remainder of the simulation
involves formation of NH,NO,(s) and
(NH,),SO,(s) in all the aerosol sections,
with section 1 (surface area: ~ 69 um?’
cm~?) reacting fastest and section 10
(surface area: ~ 0.24 um? cm™?) receiving
the least secondary material.

This MADM simulation requires 19.8
CPU min on a HP C100 series workstation
or an average of 31.2 CPU s per simulation
h. The corresponding consumption for a
Pentium PC (400 MHz) was 18.2 CPU min
for the full simulation. Yet, CPU expense is
not distributed evenly over the simulation
(Figure 9). Sixty-five percent of the CPU
time was spent between hours 13 and 16
when the fine mode particles are acidic and
concentrations of NO7(aq), Cl (aq), and
NH,(g) are very small (NOj(aq)<0.016
pg m~—; Cl7(aq) < 0.001 ug m™—*; NH,(g)
<0.062 pug m~?). Only 1% of CPU time
was spent after hour 16 when NH;(g) in
particular is plentiful (NH;(g) > 9 ugm™?).
The CPU requirements were insensitive to
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FIGURE 9. CPU expense (in seconds for a HP C100
series workstation) averaged over an hour of simula-
tion time (plotted every 30 min). Day and night, and
periods in which the air parcel is over water (Marine)
and over land (Urban), are indicated.

the choice of A for values in the range
between 0.05 and 2 s~!. The choice of the
relative tolerance had a significant effect
on the CPU time, with acceleration by a
factor of four for an increase of the toler-
ance from 107> to 1073, The error intro-
duced by the higher tolerance was less than
a few percent. Because of its CPU require-
ments the present version of MADM is
appropriate only for box and one-dimen-
sional trajectory models.

SUMMARY

In this work, the MADM is presented as a
method for simulating the dynamic transfer
of semivolatile species between the gas and
acrosol phases. The novelty of this ap-
proach is its use of electroneutrality con-
straints to define the species flux to solid
particles and to add stability and decrease
stiffness in liquid particle flux calculations.
This method is demonstrated to be capable
of transitioning between acrosol states
including the deliquescence and crystalliza-
tion of the particulate phase and the transi-
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tion between acidic and near-neutral condi-
tions. MADM is able to simulate cases
where some of the particles are solid, some
are partially solid and partially liquid, and
others are liquid.

By using MADM to describe the transi-
tion between marine and urban environ-
ments, the rates of mass transfer between
the gas phase and aerosol particles of dif-
ferent sizes and compositions can be quan-
tified. In addition, MADM can be used to
show how diurnal temperature and relative
humidity changes drive mass transfer of
semivolatile species between the gas and
aerosol population. This work suggests that
the aerosol population often does not
achieve steady-state concentrations on the
time scale of changes in emissions, temper-
ature, and relative humidity. This agrees
with the conclusions of Wexler and Sein-
feld (1990) and Meng and Seinfeld (1996).
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